In this report, we examine the role of Notch and the the ␣␤ versus ␥␦ T cell lineage choice and that Notch T cell antigen receptor in the ␣␤ versus ␥␦ T cell lineage activity favors the ␣␤ T cell lineage. Our data support a decision. The majority of T cells express a T cell antigen model in which the presence of in-frame ␤ or ␥␦ TCR receptor consisting of ␣ and ␤ chains. These ␣␤ T cells gene rearrangements influences whether or not a thymic include CD4 ϩ helper T cells and CD8 ϩ killer T cells that precursor receives the Notch signal, and the Notch sigregulate the immune response and help to fight intracelnal, in turn, promotes development along the ␣␤ T cell lular pathogens. A smaller, distinct lineage of T cells pathway. expresses a T cell antigen receptor consisting of ␥ and ␦ chains. In addition to expressing a distinct form of Results the antigen receptor, these ␥␦ T cells generally do not express CD4 or CD8 and have distinct functions compared to ␣␤ T cells (reviewed in Bluestone et al., 1991;  A Reduction in Notch1 Gene Dosage Favors Allison, 1993) .
the ␥␦ T Cell Fate over the ␣␤ T Cell Fate At an early stage of thymic development, T cell precurPrevious studies have shown that Notch1 is expressed sors first begin to rearrange their ␤, ␥, and ␦ TCR genes.
in developing thymocytes (Weinmaster et al., 1991 ; Recent evidence suggests that the decision of the pre- Weinmaster et al., 1992; Hasserjian et al., 1996 ; Robey cursor to become a ␥␦ or an ␣␤ lineage T cell is influet al., 1996) . Moreover, the highest level of Notch1 is enced by whether or not it successfully rearranges its expressed in CD4 Ϫ CD8 Ϫ thymocytes (Hasserjian et al., TCR␤ or its ␥ and ␦ TCR genes. In immature T cells, 1996; Robey et al., 1996) , a subset that contains precurthe product of the rearranged TCR␤ gene pairs with a sor activity for both ␣␤ and ␥␦ lineage T cells (Petrie et surrogate version of TCR␣, called preT␣, and this al., 1992; Godfrey et al., 1993) . This expression pattern, preTCR complex is thought to permit the developmental together with indications that Notch plays a role in many progression of ␣␤ lineage T cells (Mombaerts et al., different cell fate decisions, suggests that Notch could 1992a; Saint-Ruf et al., 1994; Fehling et al., 1995) . This participate in the ␣␤ versus ␥␦ T cell lineage decision. developmental progression includes expression of CD4
To investigate this possibility, we examined the effect and CD8, proliferation, and up-regulation of TCR␣ locus of a reduction in Notch1 gene dosage on T cell developrearrangement. The ␦ and ␥ TCR genes are also rement. Mice that lack both copies of the Notch1 gene arranged in ␣␤ T cells, and these rearrangements are arrest in development at around day 9 of gestation (Swiselectively depleted of in-frame rearrangements (Dudley atek et al., 1994; Conlon et al., 1995 Conlon et al., ), precluding an et al., 1995 Kang et al., 1995; Livak et al., 1995) . These examination of T cell development in these mice. Thereobservations suggest that successful completion of fore, we exploited the findings of Heitzler and Simpson ␥␦TCR gene rearrangement diverts precursor cells from (1991) , who showed that the relative expression levels the ␣␤ lineage into the ␥␦ lineage (Allison and Lanier, of Notch on adjacent developing cells influence cell fate 1987; Pardoll et al., 1987) .
decisions. In their studies of the developing Drosophila While it appears that TCR gene rearrangements influperipheral nervous system, wild-type cells adopted the ence the ␣␤ versus ␥␦ lineage decision, there are also epidermal fate (the secondary fate) when neighboring indications that there is more to the story. For example, cells expressed lower Notch levels, but adopted the mutation of either TCR␤ or preT␣ substantially reduces, neural fate (the primary fate) when neighboring cells but does not abolish, the development of CD4 ϩ CD8 ϩ expressed higher Notch levels. Presumably, a feedback thymocytes, suggesting that a signal through the loop, such as that observed in C. elegans development preTCR complex is not an absolute requirement for ␣␤ (Wilkinson et al., 1994) , amplifies initial differences in the T cell development. Moreover, if expression of an inexpression of Notch on neighboring cells. We therefore frame ␥␦TCR invariably led to ␥␦ T cell development, investigated whether interactions between developing one might expect a complete block in ␣␤ T cell develop-T cells that are heterozygous for Notch1 (N1 ϩ/Ϫ ) or wildment in mice expressing a rearranged ␥␦TCR transgene.
type (N1 ϩ/ϩ ) might influence the choice of T cell fate. This, however, is not the case: many ␥␦TCR transgenic To create an environment where N1 ϩ/Ϫ cells develop mice contain significant numbers of ␣␤ lineage T cells adjacently to N1 ϩ/ϩ cells, we reconstituted the immune (Bonneville et al., 1990; Dent et al., 1990; Sim et al., system of irradiated rag1 mutant mice with a mixture of 1995; Schweighoffer and Fowlkes, 1996) . It has also equal portions of fetal liver or bone marrow cells from been shown that high expression of a rearranged ␥␦TCR N1 ϩ/ϩ and N1 ϩ/Ϫ donor mice. Because the rag1 mutant transgene in the absence of TCR␤ gene rearrangements mice lack mature T and B cells (Mombaerts et al., 1992b ; leads to the appearance of a small population of Spanopoulou et al., 1994) , the immune systems of these CD4 ϩ CD8 ϩ thymocytes, suggesting that in some situachimeric mice are derived exclusively from the donor tions a ␥␦TCR can actually promote ␣␤ T cell developstem cells. The two donors have allelic differences at ment (Kersh et al., 1995) . Finally, there are reports that the Ly5 locus (Ly5.1/5.2 and Ly5.2/5.2), allowing us to the presence of normal thymocytes (Shores et al., 1990) distinguish the two donor types by using a monoclonal or ␥␦ T cells (Lynch and Shevach, 1993) can induce the antibody that recognizes Ly5.1. After 1-5 months to expression of CD4 and CD8 in a small proportion of allow reconstitution of the immune system, we analyzed thymocytes that cannot rearrange their own TCR genes, the chimeric mice to determine what fraction of lymphosuggesting that the thymic environment can influence cytes was derived from the N1 ϩ/Ϫ or N1 ϩ/ϩ donors. the development of CD4 ϩ CD8 ϩ thymocytes. Thus, it apData from 38 such mixed genotype chimeric mice are pears that other factors, in addition to the presence of shown in Figure 1 . N1 ϩ/Ϫ and N1 ϩ/ϩ stem cells contribute in-frame ␤ or ␥␦ TCR rearrangements, influence whether equally to the B cell compartment ( Figure 1A , mixed T cell precursors adopt the ␣␤ or ␥␦ T cell fate.
Here, we provide evidence that Notch participates in genotype chimeras). This suggests that heterozygosity ϩ/Ϫ donor to the ␥␦ T cell population by the percent contribution of the N1 ϩ/Ϫ donor to the ␣␤ T cell population for each chimera. If N1 ϩ/Ϫ donor cells contribute equally to ␥␦ and ␣␤ populations, the log of this ratio is expected to be 0. The actual value is 0.136 with a standard error of 0.027, indicating that N1 ϩ/Ϫ donor cells contribute significantly more to the ␥␦ T cell population than to the ␣␤ population. (C) Representative flow cytometric analysis of lymphocytes from a mixed genotype chimera using a marker for donor type (Ly5.1) in conjunction with a marker for ␣␤ T cells (CD4 and CD8), a marker for B cells (CD45R), or a marker for ␥␦ T cells (␥␦TCR). Lymph node cells, or B cell-depleted spleen cells, were used for the analysis of ␥␦TCR expression. In this particular chimera, the N1 ϩ/ϩ donor was Ly5.1/Ly5.2 and the N1 ϩ/Ϫ donor was Ly5.2/Ly5.2. However, in approximately half of the chimeras, the Ly5.1 marker was expressed by the N1 ϩ/Ϫ donor.
at the Notch1 locus does not affect the ability of stem ␣␤ and ␥␦ T cells arise from a common progenitor. The observation that reduced N1 gene dosage inhibits cells to repopulate irradiated hosts or to produce mature B cells. In contrast, the N1 ϩ/Ϫ stem cells produced three ␣␤ T cell development raises the possibility that progenitors with only one copy of the Notch1 gene are more times fewer ␣␤ T cells than did N1 ϩ/ϩ donor stem cells ( Figure 1A, Figure 1C ). These data suggest that thymocytes expressing relatively higher levels of Notch1 are more likely determine the proportion of N1 ϩ/Ϫ cells within the ␥␦ and ␣␤ T cell lineages ( Figure 1B ). As shown earlier, the to enter the ␣␤ T cell lineage than are cells expressing lower levels of Notch1.
N1 ϩ/Ϫ cells make up on average only 24% of the ␣␤ T cell population, although they represent an equal proTo establish that N1 ϩ/Ϫ stem cells are not intrinsically deficient in producing ␣␤ T cells, we examined the numportion of the starting stem cells population and make up 53% of the B cell compartment ( Figure 1B ; data ber of ␣␤ T cells produced by N1 ϩ/Ϫ stem cells when N1 ϩ/ϩ stem cells are absent. Intact N1 ϩ/Ϫ mice have the replotted from Figure 1A ). N1 ϩ/Ϫ cells also represent a minority of the ␥␦ T cell population (32%). However, same ratio of ␣␤ T cells to B cells as their wild-type littermates (data not shown). In addition, chimeric mice when the N1 ϩ/Ϫ contributions to the ␣␤ and ␥␦ T cell populations from individual chimeras are compared (see repopulated with 50:50 mixtures of donor stem cells of the same N1 genotype (differing at the Ly5 locus) lines connecting data from the same chimeric mouse, Figure 1B ), it is evident that the N1 ϩ/Ϫ donor cells conproduced normal numbers of ␣␤ T cells, regardless of the N1 genotype of the donors ( Figure 1A , single genotributed more on average to the ␥␦ T cell population than to the ␣␤ T cell population (21 out of 25 chimeras). type chimeras). Thus, the difference in the production of ␣␤ T cells is observed only when N1 ϩ/ϩ and N1 
CD4
Ϫ CD8 Ϫ population and 15% to the CD4 ϩ CD8 ϩ population ( Figure 2A ; representative FACS plots from an individual mixed genotype chimeric mouse are shown in Figure 2B ). The N1 ϩ/Ϫ cells in each of the 8 chimeras contributed less to the CD4 ϩ CD8 ϩ population than to the IL-2R
Ϫ population (see lines connecting individual chimeras). These data support the notion that N1 ϩ/Ϫ precursor cells are less likely to enter the ␣␤ T cell lineage than are their N1 ϩ/ϩ neighbors. Within the T cell lineage, N1 ϩ/Ϫ cells contribute more to the ␥␦ population than to the ␣␤ population; however, N1 ϩ/Ϫ stem cells produce fewer ␥␦ T cells overall than do wild-type cells that develop in the same mice. One possible explanation for this discrepancy is that Notch1 is involved in an earlier cell fate decision in the hemopoietic lineage and the N1 ϩ/Ϫ stem cells are diverted into an earlier, as yet unidentified, fate. This is consistent with the observation that N1 ϩ/Ϫ cells contribute only 28% to the T cell precursor population that gives rise to ␣␤ and ␥␦ T cells. An alternative possibility is that heterozygosity of the Notch1 locus gives cells a competitive disadvantage for proliferation or survival compared ␣␤ and ␥␦ T cell lineages is controlled in part by TCR gene rearrangements. Successful completion of ␥ and ␦ TCR gene rearrangements favors the ␥␦ T cell fate though mice expressing the activated Notch transgene (NotchIC transgenic mice) have approximately normal (Dudley et al., 1995; Kang et al., 1995; Livak et al., 1995) , whereas successful completion of ␤ TCR gene renumbers of ␥␦TCR ϩ thymocytes, there is a 3.7-fold increase in the proportion of ␥␦TCR ϩ thymocytes that arrangement promotes ␣␤ T cell development (Mombaerts et al., 1992a, 1992b; Shinkai et al., 1992) . Alexpress CD8 (Figures 3A and 4C) . We also examined Figure 3B ). In contrast, in mice bearing both the ity that the development of CD4 ϩ CD8 ϩ thymocytes in G8 ␥␦TCR and the NotchIC transgene, the majority of NotchIC transgenic, TCR␤ mutant mice might depend the ␥␦TCR ϩ thymocytes express CD8. Although some upon expression of a functional ␥␦ TCR. To address this activated ␥␦ T cells and intestinal intraepithelial ␥␦ T question, we examined the effect of activated Notch in cells express CD8, they express the CD8␣␣ homodimice that lack expression of all TCR genes due to a meric form of CD8 and do not express CD4 (reviewed targeted disruption of the rag1 gene (Spanopoulou et al., in Bluestone et al., 1991) . In contrast, the ␥␦ TCR ϩ thy-1994). rag1 mutant mice display an early and complete mocytes that we observe in NotchIC transgenic mice block in T cell development and have no detectable express CD8␣␤ heterodimer, and a significant fraction CD4 ϩ CD8 ϩ cells in the thymus (Mombaerts et al., 1992b ; coexpress CD4 (data not shown). Because CD4 and Spanopoulou et al., 1994 ; Figure 4A ). Introduction of the CD8␣␤ heterodimer expression are generally associated activated Notch transgene into rag1 mutant mice has no with ␣␤ lineage T cells, this raises the possibility that, apparent effect on thymic development, and CD4 ϩ CD8 ϩ in the presence of activated Notch, thymocytes that thymocytes remain undetectable ( Figure 4A ). Thus, successfully rearrange their ␥ and ␦ TCR genes might while an activated form of Notch can overcome the block adopt the ␣␤ T cell fate rather than the ␥␦ T cell fate.
in ␣␤ T cell development in TCR␤ mutant mice, it cannot If thymocytes that express a ␥␦TCR and activated drive ␣␤ T cell development in the absence of TCR gene Notch can develop as ␣␤ T cells, then activated Notch rearrangement. might drive ␣␤ T cell development in TCR␤ mutant mice. Successful rearrangement and expression of TCR␤ is CD4 ؉ CD8 ؉ Thymocytes from NotchIC Transgenic, necessary for normal ␣␤ T cell development, and muta-TCR␤ Mutant Mice Carry In-Frame tion of the TCR␤ gene results in an approximately 100-Rearrangements of the TCR␦ Locus fold reduction in the number of CD4 ϩ CD8 ϩ cells in the The ability of activated Notch to restore CD4 ϩ CD8 ϩ dethymus (Mombaerts et al., 1992a ; Figure 4A ). Strikingly, velopment in TCR␤ mutant mice, but not in rag1 mutant in TCR␤ mutant mice that express activated Notch, the mice, suggests that expression of a ␥␦ TCR may be number of CD4 ϩ
CD8
ϩ thymocytes is restored to almost necessary to drive ␣␤ T cell development in TCR␤ munormal levels ( Figures 4A and 4B ). This increase reflects tant mice. While the majority of thymocytes in NotchIC both an increase in the total number of thymocytes and transgenic, TCR␤ mutant mice does not express ␥␦ TCR an increase in the percentage of CD4 ϩ
ϩ cells in on their surfaces, it is still possible that these cells exthese mice ( Figure 4B ). Activated Notch could promote pressed a ␥␦ TCR at the time that they were choosing the development of CD4 
ϩ thymocytes by inducing between the ␣␤ and ␥␦ T cell lineages. There are indicaprecursors to choose the ␣␤ lineage or by enhancing tions that the ␥ and ␦ TCR loci are transcriptionally inacthe survival or proliferation of existing CD4 ϩ CD8 ϩ thytive in ␣␤ lineage T cells (discussed in Raulet et al., 1991 ; mocytes. However, we have previously shown that ex- Livak et al., 1995) . Thus, it is possible that an immature pression of the activated Notch transgene in an other-T cell might make a functional ␥␦ TCR, respond to the wise wild-type mouse does not alter the proliferation or constitutive Notch signal by developing as an ␣␤ T cell, life span of CD4 ϩ
ϩ thymocytes (Robey et al., 1996) . and then turn off expression of the ␥␦ TCR. To investiOur results, therefore, are most compatible with the interpretations that activated Notch influences the choice gate this possibility, we asked whether thymocytes of NotchIC transgenic, TCR␤ mutant mice carry functionmice and TCR␤ mutant mice were included for comparison. As previously observed, thymocytes from TCR␤ ally rearranged TCR␦ loci.
A method termed PCR-RFLP analysis (Dudley et al., mutant mice show a selectively in-frame pattern of V␦4-J␦1 rearrangements (Dudley et al., 1995; Figures 5A and 1995) was used to determine whether thymocytes in NotchIC transgenic, TCR␤ mutant mice carry in-frame 5B), consistent with the fact that there are proportionally more ␥␦TCR ϩ thymocytes in these mice (Mombaerts et TCR␦ rearrangements. In this procedure, DNA encoding rearranged V-J junctional regions from T cell populaal., 1992a; Figure 4C ). In contrast, TCR␤ ϩ/Ϫ mice show a more even distribution of rearrangements including tions are amplified by PCR, digested with restriction enzymes, end-labeled with 32 P, and resolved by size on out-of-frame V␦4-J␦1 rearrangements (Dudley et al., 1995; Figure 5 ). Thymocytes from NotchIC transgenic, denaturing acrylamide gels. Populations in which the TCR locus is functionally rearranged show a prominent TCR␤ mutant mice display predominantly in-frame rearrangements, comparable to the pattern seen in TCR␤ band every third base, corresponding to in-frame rearrangements of the V and J segments, whereas populamutant mice. This suggests that functional TCR␦ rearrangements were selected in thymocytes of NotchIC tions in which there is a selection against functional rearrangements show reduced bands in the in-frame transgenic, TCR␤ mutant mice. Because the majority of thymocytes in NotchIC third positions. The TCR␦ locus is nested inside the TCR␣ locus (Chien et al., 1987) ; therefore, thymocytes transgenic, TCR␤ mutant mice are CD4 ϩ CD8 ϩ ( Figure  4B ), we suspected that most of the V␦4-J␦1 rethat attempt to rearrange their ␣ TCR loci delete the ␦ TCR loci from the chromosome. However, the deleted arrangements detected in these samples came from CD4 ϩ CD8 ϩ thymocytes. To confirm this, we isolated DNA persists in thymocytes and mature resting T cells and can be readily detected using PCR (Dudley et al., CD4 ϩ CD8 ϩ ␥␦TCR Ϫ thymocytes from these mice by fluorescence-activated cell sorting and performed addi-1995; Livak et al., 1995) . We analyzed V␦4-J␦1 junctions from thymocytes of NotchIC transgenic, TCR␤ mutant tional PCR-RFLP analysis on the sorted population, this time using primers corresponding to V␦5-J␦1. Once mice (Figures 5A and 5B) . Thymocytes from TCR␤ ϩ/Ϫ of G8 TCR transgenic-derived to nontransgenic-derived donors. primer pair, digested with HinfI, end-labeled with 32 P, and resolved All of the donor and host mice used in this experiment were ␤2-on a denaturing acrylamide gel. DNA was isolated from total thymomicroglobulin mutant, in order to avoid negative selection of thymocytes of TCR␤ mutant mice (1), TCR␤ ϩ/Ϫ mice (2), and NotchIC cytes expressing the G8 TCR. The input ratio of G8 TCR transgenic transgenic, TCR␤ mutant mice (3).
to nontransgenic stem cells was 10-fold higher on average than the (B) PhosphorImager traces of lanes corresponding to TCR␤ ϩ/Ϫ mice resulting ratio, suggesting that the G8 TCR transgenic donor cells (gray line, lane 2) and NotchIC-9 transgenic, TCR␤ mutant (solid have a competitive disadvantage over nontransgenic donor cells. line, lane 3). (C) Genomic DNA from thymocytes was amplified using a V␦5-J␦1 primer pair, digested with HaeIII, end-labeled with more likely to become a ␥␦ T cell if the majority of its neighbors develop as ␣␤ T cells. To investigate whether nontransgenic thymocytes could influence the development of thymocytes bearing again, a selectively in-frame pattern of V␦ gene rearrangements was observed, confirming that, although functional ␥␦ TCR genes, we generated mixed hemopoietic stem cell chimeras using various ratios of stem these cells do not express ␥␦ TCR, they have in-frame ␦ TCR rearrangements. We also examined rearrangecells from mice bearing the G8 ␥␦TCR transgene and nontransgenic mice. In this experiment, nontransgenic ment of V␥1.1-J␥4 on sorted CD4 ϩ CD8 ϩ ␥␦TCR Ϫ thymocytes and found that they were also selectively in-frame donor cells bear an allelic marker (Ly5.1 ϩ ) allowing them to be distinguished from G8 TCR transgenic-derived (data not shown). Taken together, these data imply that the ability of activated Notch to drive CD4
. In addition, we used ␤2-microglobulin mutant mice for both donor and host mice in these experiopment in TCR␤ mutant mice is dependent on the presence of functional ␥␦ receptor. ments to avoid negative selection on class I MHC (major histocompatibility complex) of thymocytes expressing the G8 TCR transgene (Dent et al., 1990) . After 5 weeks The Development of ␥␦ Lineage Thymocytes Bearing a Rearranged ␥␦ TCR Transgene Can Be Enhanced to allow reconstitution of the thymus, we examined thymocytes by flow cytometry to determine the proportion by Interactions with Nontransgenic Thymocytes The observation that Notch activity can drive thymoof thymocytes derived from the G8 TCR transgenic donors and the fraction of these G8 TCR transgeniccytes bearing in-frame ␥␦TCR genes to develop along the ␣␤ pathway, together with indications that the reladerived thymocytes that develop as ␥␦ lineage cells (Figure 6) . We find that when thymocytes derived from tive level of Notch1 signaling between precursors may influence the ␣␤ versus ␥␦ lineage choice, suggests that transgenic donors make up less than 10% of total thymocytes, the proportion of G8 TCR transgene-derived Notch signaling between thymocytes might normally thymocytes that are ␥␦TCR ϩ CD8 Ϫ increases, whereas ␥␦ TCR genes may influence whether or not a precursor receives a Notch signal. the proportion of G8 TCR transgenic-derived thymocytes that express CD8 is reduced. These CD8 ϩ , G8
How might productive TCR gene rearrangements influence Notch signaling? One intriguing possibility is TCR transgenic-derived thymocytes (Ly5.1 Ϫ ) resemble ␣␤ lineage thymocytes in that they express CD8␤ as suggested by the observation that T cells that develop in the same thymus can influence the fates of one anwell as CD8␣ and are predominately CD4 ϩ and ␥␦TCR Ϫ (data not shown). These data indicate that interactions other. For example, we show that the relative levels of Notch1 in thymocytes influences whether they develop between G8 TCR-bearing thymocytes limit the number of thymocytes that develop as ␥␦ T cells and are consisas ␣␤ or ␥␦ T cells. We also show that thymocytes expressing a rearranged ␥␦TCR transgene are more likely tent with the notion that Notch signaling between thymocytes can inhibit the ␥␦ T cell fate.
to develop as ␥␦ T cells when the majority of their neighbors develop as ␣␤ T cells. Together, these observations suggest the existence of a Notch-mediated feedback Discussion mechanism that directs neighboring thymocytes to adopt distinct fates. According to this notion, thymoAlthough successful rearrangement of either ␤ or ␥␦ cytes that successfully rearrange their ␥␦ TCR genes TCR genes may influence the lineage decision (Dudley might induce their neighbors to develop as ␣␤ T cells et Kang et al., 1995; Livak et al., 1995) , the via a Notch signal. Further investigations into how Notch mechanism by which thymocytes choose between the activity is normally regulated in the thymus will be ␣␤ and ␥␦ lineage remains unknown. Here, we identify needed to test this model. a new participant in the ␣␤ versus ␥␦ lineage decision:
We show here that a constitutively activated form of the transmembrane receptor Notch. Previous studies Notch can direct thymocytes with productively reprovide evidence for a feedback mechanism that ampliarranged ␥␦ TCR genes to develop as ␣␤ T cells. Howfies small differences in the levels of Notch and its ligand ever, there are indications that even when Notch is reguon initially equivalent precursor cells (Heitzler and Simplated normally, not every cell that makes in-frame ␥␦ son, 1991; Wilkinson et al., 1994) . As a result, a cell that TCR gene rearrangements avoids the Notch signal and expresses less Notch than its neighbor ultimately avoids adopts the ␥␦ T cell fate. For example, we have shown the Notch signal and adopts the primary fate, while its that one can alter the proportion of T cells that adopt neighbor receives the Notch signal and adopts the secthe ␣␤ or ␥␦ lineage simply by altering the relative Notch1 ondary fate. Here, we provide evidence that the relative gene dosage, a result that would not be expected if level of Notch1 on developing T cells can influence their the lineage decision were controlled exclusively by TCR fate, such that cells with a single copy of the Notch1 gene rearrangements. Moreover, previous studies show gene are less likely to become ␣␤ T cells than wild-type that expression of a rearranged ␥␦TCR transgene often cells that develop in the same mouse. We also show does not abolish ␣␤ T cell development (Bonneville et that the ratio of ␥␦ to ␣␤ T cells is consistently higher Dent et al., 1990; Sim et al., 1995 ; Schweighofin T cells derived from Notch1 ϩ/Ϫ stem cells compared to fer and Fowlkes, 1996) . This raises the possibility that wild-type cells, suggesting that reduced Notch activity signals through Notch and the newly formed TCRs act favors the ␥␦ lineage over the ␣␤ lineage. Finally, we in concert to direct precursor cells to the ␣␤ or ␥␦ T cell show that expression of an activated form of Notch lineage and that neither signal by itself can completely permits thymocytes with in-frame rearrangements of the override the other. ␥ and ␦ TCR genes to develop along the ␣␤ pathway.
At what point does a T cell precursor become commitThese data indicate that Notch acts together with the ted to the ␣␤ or ␥␦ lineage? Analysis of a cell fate decinewly formed TCR to direct the ␣␤ versus ␥␦ T cell sion in C. elegans indicates that the choice of cell fate lineage decision.
can be a gradual process that must be reinforced over How do Notch and TCR act together to direct thymotime before cells are actually lineage committed (Wilkincytes to the ␣␤ or ␥␦ lineage? While we do not yet have son et al., 1994) . In this light, it is interesting to consider a complete answer, the effect of the activated Notch that a thymocyte precursor might receive signals transgene in TCR␤ mutant and rag1 mutant backthrough the TCR and Notch that influence its lineage grounds provides an important clue. Mutation of the choice well before the cell actually becomes committed TCR␤ gene leads to an early block in ␣␤ T cell developto either lineage. Indeed, it is possible that commitment ment, implying that rearrangement and expression of to the ␥␦ lineage does not occur until the thymocyte the TCR␤ gene is important for normal ␣␤ T cell developturns off the machinery needed to rearrange its antigen ment. Introduction of an activated form of Notch into receptor genes, and thus can no longer rearrange the TCR␤ mutant mice restores CD4 ϩ
ϩ thymocytes to TCR␤ gene. Conversely, commitment to the ␣␤ T cell normal levels. This suggests that Notch signaling acts lineage might not occur until a cell rearranges both of downstream or in parallel with TCR␤ to direct cells to its TCR␣ loci, leading to the deletion of the TCR␦ loci. the ␣␤ lineage (Figure 7) . In wild-type mice, ␣␤ lineage Such a scenario would provide a prolonged period of T cells have predominantly nonproductively rearranged time in which a precursor could assess the level of Notch ␥ and ␦ loci (Dudley et al., 1995; Kang et al., 1995; Livak signal and any signals through the TCR while choosing et al., 1995), suggesting that successful ␥␦ TCR gene its fate. rearrangement normally diverts precursors out of the Notch activity alone is not sufficient to direct a precur-␣␤ lineage and into the ␥␦ lineage. Together, these obsor cell to the ␣␤ lineage. Rather, the precursor cell needs a signal from the TCR, in conjunction with the servations suggest that the production of in-frame ␤ or A T cell precursor first attempts to rearrange its ␥, ␦, and ␤ TCR genes. If the cell makes in-frame rearrangements of ␥ and ␦ TCR, this prevents the cell from receiving the Notch signal and it develops as a ␥␦ T cell. If the cell makes an in-frame rearrangement of ␤ TCR, it receives the Notch signal. This leads to proliferation, CD4 and CD8 expression, and rearrangement of the TCR␣ locus. This ␣␤ T cell precursor then tests its ␣␤TCR for recognition of MHC proteins on thymic epithelial cells. If its TCR recognizes class II MHC, the cell does not receive the Notch signal and it develops as a CD4 T cell. If its TCR recognizes class I MHC, the cell receives the Notch signal and develops as a CD8 T cell. A constitutively activated form of Notch causes developing T cells to misinterpret their developmental cues. In the presence of activated Notch, a cell that makes in-frame ␥␦ TCR rearrangements still receives the Notch signal and develops along the ␣␤ pathway, and a thymocyte whose ␣␤TCR recognizes class II MHC still receives the Notch signal and develops along the CD8 pathway.
mixed with N1 ϩ/Ϫ ), except for "same genotype chimeras" in which Notch signal, to develop along the ␣␤ pathway. This donor pairs had the same Notch1 genotype. Mice were typed for result parallels our previous observations for the role of the presence of the Notch1 insertion mutation by PCR, using a Notch in the CD4 versus CD8 T cell lineage decision 5Ј primer (5Ј-TGGGAAGACAATAGCAGGCATGC-3Ј) that anneals to (Figure 7; Robey et al., 1996) . In that case, activated sequences within the insertion and a 3Ј primer (5Ј-CAGGGGTTGGA Notch can direct CD8 T cell development in the absence GAGACATTCATTG-3Ј, Swiatek et al., 1994 ) that anneals to the coding region of EGF repeat 33. The Notch1 genotypes of 76% of the of class I MHC proteins, ligands recognized by the mice in this study were also examined by genomic Southern blotting ␣␤TCR that are normally required for CD8 T cell developas previously described (Swiatek et al., 1994) , and in every case, del Amo, F., Smith, D., Swiatek, P., Gendron-Maguire, M., Greenspan, R., McMahon, A., and Gridley, T. (1992) . Expression PCR-RFLP Analysis pattern of Motch, a mouse homolog of Drosophila Notch, suggests PCR-RFLP analysis was performed as previously described (Dudley an important role in early postimplantation mouse development. et al., 1995) . Briefly, DNA was isolated from thymocyte samples Development 115, 737-744. using standard procedures. V-J regions were amplified in 100 l Dent, A.L., Matis, L.A., Hooshmand, F., Widacki, S.M., Bluestone, PCR reactions containing approximately 10 4 cell equivalents of thy-J.A., and Hedrick, S.M. (1990). Self-reactive gamma delta T cells mocyte DNA for 35 cycles, using Pfu polymerase (Stratagene) acare eliminated in the thymus. Nature 343, 714-719. cording to the protocol of the manufacturer. PCR products were purified by phenol/chloroform extraction and ethanol precipitation Dudley, E., Girardi, M., Owen, M., and Hayday, A. (1995) . ␣␤ and ␥␦ and digested with appropriate restriction enzymes (New England T cells can share a late common precursor. Curr. Biol. 5, 659-669. Biolabs) according to the protocol of the manufacturer. Digested
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